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Abstract 

Background, aim and scope Tank-to-Wheels (TtW) makes 
the largest contribution to the total Well-to-Wheels (WtW) 
energy consumption and greenhouse gas (GHG) emissions 
from fossil-derived transportation fuels. The most com¬ 
monly adopted TtW methodologies to obtain vehicle 
energy consumption, energy efficiency, and GHG emis¬ 
sions used to date all have significant limitations. A new 
TtW methodology, which combines micro-scale virtual 
vehicle simulation with macro-scale fleet modeling, is 
proposed in this paper. The models capabilities are 
demonstrated using a case study based on data from the 
passenger car sector in Great Britain. 

Methods A simplified internal combustion engine model 
was developed in-house to simulate engine behaviors 
across a wide range of engine capacities and technolo¬ 
gies. Vehicle simulation was then carried out using the 
efficiency map output by the simplified engine model for 
any given gasoline or diesel engine; the simulation was 
validated for 37 vehicles available on the UK market in 
terms of their vehicle-certification fuel consumption, with 
a discrepancy generally within 3%. Real-world fleet and 


The Tank-to-Wheels analysis referred to in this paper differs from a 
typical life cycle assessment in that this paper only attempts to address 
in-use vehicle fuel consumption and C0 2 emission, i.e., the 
production, dismantling, and final disposal of vehicles is not taken 
into account. 
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driving data from the Great Britain’s car fleet was 
extracted from the Transport Statistics Great Britain 
(TSGB) database between 2001 and 2007TSGB 2001- 
2007. A virtual fleet was constructed with the validated 
virtual vehicles to represent the real-world passenger car 
fleet in terms of its composition and operating character¬ 
istics. This fleet model was shown to match the real-world 
fleet-averaged fuel consumption within 3% for the 
gasoline fleet and within 6% for the diesel fleet. Finally, 
several scenarios were analyzed using the validated fleet 
model, covering a projection for 2008, driving pattern, 
lubrication, and fuel. The vehicle-to-vehicle variation was 
found to be significant in some scenarios, indicating that a 
fleet-based methodology would be more rigorous and 
flexible. 

Discussion Energy consumption and C0 2 emission figures 
from previous, well-recognized Europe-oriented studies 
(e.g., the 2008 JRC/EUCAR/CONCAWE study) were 
significantly lower than the TSGB real-world results 
based on the new TtW methodology. It is apparent that 
using a single vehicle to represent the whole fleet could 
be misleading; in particular, the relative energy efficiency 
and C0 2 emission of diesel over gasoline cars might 
follow a different trend with time for the real-world fleet 
from that shown in previous studies. 

Conclusions Future WtW studies can benefit from the 
modeling toolset and methodology reported herein in a 
number of ways: 

• TtW analysis can be carried out 
thoroughly—on a fleet basis 

independently—involving less proprietary information 
impartially—not concentrating on a specific vehicle 
model 
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and flexibly—allowing detailed analysis of physics, 
chemistry, and vehicle component performance. 

• When comparing different WtW energy pathways, e.g., 
gasoline vs. diesel passenger cars or natural gas vs. bio¬ 
diesel fuelled busses, the absolute aggregate fleet 
impact can be investigated—conclusions based on a 
single vehicle may overlook vehicle-to-vehicle varia¬ 
tions and potentially mislead policy making. 

• Using the virtual fleet database as a platform, a large 
number of scenarios can be analyzed and detailed 
impact of fuels properties, vehicle technologies and 
driving patterns on WtW results investigated. The 
models will evolve in time together with the research¬ 
ers’ knowledge base and data base. 

Recommendations and perspectives The virtual engine/ 
vehicle/fleet model developed in this work can readily be 
expanded and upgraded in the future, in terms of model 
details, coverage, and data quality. The methodology 
itself is generically applicable to any defined fleet 
(passenger cars, commercial vehicles, etc.) with any 
operating characteristics at any given timeframe from 
any geographic region. Various subjects and their 
implications for fleet energy consumption and GHG 
emissions could be studied including, but not restricted 
to, the following: 

• Fuels—injector/valve cleanliness, anti-knock properties, 
dieselization, bio-components, gaseous fuels etc. 

• Engine/vehicle technology—friction and weight reduction, 
advanced combustion, hybridization etc. 

• Driving pattern—vehicle loading, gear-shifting schedule, 
tire maintenance, cold start, etc. 

Keywords Fleet • Methodology • Modeling • Tank-to- 
Wheels • Transport statistics • Vehicle • Well-to-Wheels 

1 Background, aim, and scope 

1.1 Advantages and disadvantages of existing TtW 
methodologies 

Tank-to-Wheels (TtW) is known to make the largest 
contribution to the total Well-to-Wheels (WtW) energy 
consumption and greenhouse gas (GHG) emissions with 
fossil-derived transportation fuels (Argonne National 2009; 
JRC/EUCAR/CONCAWE 2008; Delucchi 2003). TtW 
GHG emissions typically account for 70-85% of the total 
WtW emissions (Argonne National 2009; JRC/EUC AR/ 
CONCAWE 2008; Delucchi 2003; BERR 2008); as a 
result, 1% reduction in TtW GHG emissions would be 


equivalent in overall benefit to 2-6% reduction in Well-to- 
Tank (WtT) GHG emissions. Therefore, adopting a rigor¬ 
ous, thorough and flexible methodology for TtW analysis is 
pivotal 1 when conducting WtW studies. The most com¬ 
monly adopted TtW methodologies to obtain vehicle 
energy consumption, energy efficiency, and GHG emis¬ 
sions to date have been either 

• a single average figure for a specific fuel/vehicle 
combination, e.g., Delucchi’s Lifecycle Emissions 
Model (Delucchi 2003) and the 2008 Department for 
Business Enterprise and Regulatory Reform electric 
vehicle study (BERR 2008) or 

• vehicle simulation using virtual vehicle(s), e.g., the 
2008 JRC/EUCAR/CONCAWE (JEC) study (JRC/ 
EUCAR/CONCAWE 2008) and Argonne National 
Laboratory’s GREET Model (The Greenhouse Gases, 
Regulated Emissions, and Energy Use in Transportation 
Model, GREET 2009). 

These methodologies have their own advantages and 
limitations as summarized in Table 1. 

Ideally, a TtW study should look at the average energy 
consumption, energy efficiency, and GHG emissions 
from a “living” vehicle fleet in a chosen study area and 
a given timeframe, which defines the demographics of 
the fleet population (e.g., size distribution, aging dynam¬ 
ics, technology mix, emissions targets, etc.) and operat¬ 
ing characteristics (driving patterns and behavior, e.g., 
miles traveled, city/rural/highway, economical/wasteful, 
etc.). However, it would not be practical to establish and 
maintain a large vehicle fleet for the needs of TtW 
analysis, especially for vehicle technologies that are not 
available in the mass market. Combining micro-scale 
virtual vehicle simulation with macro-scale fleet model¬ 
ing can offer a comprehensive and cost-effective toolset 
for such TtW studies. 

1.2 A new model for computing TtW emissions 

A new TtW methodology is proposed in this paper for 
analyzing TtW energy consumption, energy efficiency and 
GHG emissions, and a case study is presented based on the 
passenger car sector in Great Britain. 

To simulate vehicle behaviors across a wide range of 
engine capacities and technologies, a simplified internal 
combustion engine model has been built based on empirical 
correlations of combustion characteristics, gas dynamics, 


1 Primarily in two areas: (1) when comparing different energy 
pathways, e.g., gasoline vs. diesel passenger cars or natural gas vs. 
bio-diesel fuelled busses and (2) when studying different vehicle 
fleets, the compositions of which are significantly different. 
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Table 1 Advantages and disadvantages of existing TtW methodologies 


Advantages Disadvantages 


Single-vehicle simulation Rigorous, detailed analysis of a vehicle 

Historic and future advances in technologies 
and driving behavior can be accounted for 
Suitable for scenario-based studies 

Real-world fleet data 

Representative of real-world fleet operation 
Easy to implement 


Complexity 

Does not reflect real-world fleet operation 

The absolute aggregate fleet impact cannot be investigated 
Large sampling error 

Driving behavior cannot be decoupled or varied for individual vehicles 
Not suitable for scenario-based studies 


friction, etc. Its output, together with the vehicle simulation 
model, has been validated for a wide range of vehicles 
available in the UK market, in terms of their vehicle- 
certification fuel consumption. 

Finally, real-world fleet and driving data from Great 
Britain’s car fleet (extracted from the Transport Statistics 
Great Britain database) is used for the construction of a 
virtual fleet with the validated virtual vehicles. This virtual 
fleet: 

• closely represents the real-world fleet in terms of its 
composition and operating characteristics 

• can be used to make projections of the future fleet’s 
performance and 

• will evolve as the real-world database is updated. 

After performing a literature review in the areas of WtW 
energy use and GHG emissions, engine and vehicle 
simulation, and vehicle fleet modeling, the authors believe 
that the proposed new methodology is unique in that it 
combines detailed, vehicle component-level analysis with 
segment-level vehicle pare modeling—by gathering and 
mathematically connecting a comprehensive set of data, the 
new approach derives critical system unknowns such as 
vehicle segment-specific growth and scrappage rates, 
driving pattern etc., as opposed to imposing certain 
assumptions or empirical understanding on an incomplete 
dataset in many previous studies (e.g., Delucchi 2003; 
Bandivadekar et al. 2008). 

2 Methods 

2.1 Engine modeling 

A simplified internal combustion engine model was 
constructed using empirical correlations regarding com¬ 
bustion characteristics, gas dynamics, friction, etc. de¬ 
rived from in-house bench engine test results and 
validated against vehicle certification database (see 
Section 3.1 below). This model generates the brake 


thermal efficiency map (a 2D look-up table indexed by 
engine torque and speed) of a gasoline or diesel engine of 
any capacity with a design equivalent to Euro IV 
technology. 

2.1.1 Model structure 

The structure of the simplified engine model is described in 
steps below: 

1. Assign the ideal indicated thermal efficiency to the 
engine to be modeled according to its compression 
ratio; 

2. Apply an empirical correlation to correct for piston 
speed—the lower the mean piston speed, the more 
losses imposed on the ideal thermal efficiency from 
step 1; 

3. Apply an empirical correlation to correct for combus¬ 
tion phasing—moving away from the optimum com- 
bustion phasing would impose further losses on the 
thermal efficiency from step 2; 

4. Apply an empirical correlation to correct for air/fuel 
mixture strength—adjust the thermal efficiency from 
step 3 according to the air/fuel mixture strength, e.g., 
8% losses with a mixture 10% richer than stoichiomet¬ 
ric and 4% efficiency gain with a mixture 10% leaner 
than stoichiometric; 

5. Apply an empirical correlation to correct for pumping 
work—adjust the thermal efficiency from step 4 
according to parameters such as the engine’s number 
of inlet valves, volumetric efficiency, rotational speed, 
and method of aspiration; 


2 

Combustion phasing is typically denoted as CA50, the crank angle 
position during the engine cycle when 50% of the fuel energy is 
released. The optimum CA50 for a gasoline engine is around 7 
degrees after top dead center (TDC), which corresponds to an 
optimum spark timing for a given engine operating condition, 
commonly known as the minimum spark advance for best torque 
(MBT). 
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6. Apply an empirical correlation to correct for engine 
friction—adjust the thermal efficiency from step 5 
according to the engine’s load and rotational speed; 
the correlation could also be modified to suit different 
engine lubricants; 

7. Apply an empirical correlation to correct for cold 
conditions—adjust the thermal efficiency from step 6 
according to the engine oil temperature. 

An example of the engine model’s output, i.e., the 
engine’s brake specific fuel consumption (BSFC) map, is 
shown in Fig. 1. 

Note: this paper intends to present an integrated TtW 
methodology rather than promoting individual tools; one 
could use any type of engine model or experimentally 
measured engine data as part of the TtW analysis. 
Similarly, the vehicle model described in Section 2.2 
below could be replaced by any other type of tool or 
experimental data. 



Fig. 1 Example engine BSFC map output by the simplified model— 
1.0 L PFI gasoline engine 


2.1.2 Model error and limitation 

Most of the empirical correlations used in the simplified 
engine model were derived from test results in a bench 
engine under 10 full load and 20 part load conditions. 
Therefore, applying the simplified model even to the same 
bench engine for the whole operating regime would 
introduce some uncertainty, at best similar to the precision 
offered by the bench engine measurement. Using the 
simplified model to generate data for other engines of a 
similar design with different engine capacities would bear 
larger error. 

Furthermore, because the engine model was based on a 
naturally aspirated port fuel injected (PFI) engine, attempt¬ 
ing to expand the simplified model to capture advanced 
technological features such as turbocharging, advanced 
diesel fuel injection and direct injection spark ignition 
(DISI, especially lean bum) would inevitably introduce 
even larger error. 

Finally, the bench engine measurement, on which the 
engine model was based, may have had large measurement 
uncertainties at near-idle and/or full load conditions. 

Despite all these possible sources of error, it will be 
shown later in this paper that, together with the 
uncertainty introduced by the vehicle model, this simpli¬ 
fied engine model is sufficiently accurate for TtW 
analysis. 


3 There are many other factors that would account for the performance 
difference between a cold and a hot engine, such as heat transfer, 
transmission losses, the control strategies of the engine management 
system (EMS) to light off the exhaust catalyst etc. Modeling these 
effects would require a much more thorough and detailed approach 
than the one adopted thus far, which is beyond the scope of this work. 


2.2 Vehicle modeling 
2.2.1 ADVISOR 

The open source vehicle simulation package Advanced 
Vehicle Simulator (ADVISOR) 4 was used for this work. It 
tests the effect of parameter changes in vehicle components, 
fuels and other modifications on fuel economy, perfor¬ 
mance and/or emissions. The user defines (1) a vehicle, 
using overall vehicle data and (2) a drive cycle (speed vs. 
time and road gradient) and ADVISOR calculates vehicle 
performance, fuel economy, and tail pipe emissions (Wipke 
et al. 1999; Markel et al. 2002). 

The key input data for simulation of a conventional 
vehicle with a manual transmission in ADVISOR include: 

• Vehicle kerb weight (kg)—for vehicle-certification type 
of simulation this is set according to the relevant test 
procedure, e.g., for the New European Drive Cycle 
(NEDC), a vehicle with a kerb weight in the range of 
1,305-1,420 kg would have an equivalent inertia of 
1,360 kg in its vehicle-certification test 

• Vehicle coefficient of drag 

• Vehicle frontal area (m ) 

• Engine speed map (RPM) 

• Engine torque map (N m) 

• Maximum engine torque indexed by the engine speed 
map (N m) 


4 Advanced Vehicle Simulator (ADVISOR), originally developed by 
the National Renewable Energy Laboratory (NREL), is a vehicle 
simulation software tool. Versions of ADVISOR until 2002 were 
based on open-source MATLAB code and publicly available. This 
work used the latest publicly available version, ADVISOR 2002. 
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• Hot and cold engine BSFC map (g/kWh), from an 
engine model, e.g., the simplified model described in 
Section 2.1 or experimentally mapping the engine on a 
test bench 

• Fuel density (g/L) and lower heating value (LHV, J/g) 

• All gear ratios and final drive ratio of the manual 
transmission 

• Wheel rolling radius (m) 

• First-order rolling resistance coefficient, set to 0.008 as 
default for vehicle-certification type of simulation—this 
value can be adjusted when simulating real-world 
driving and higher-order coefficients can be provided 
as well 

• Vehicle accessory load, scaled for vehicle-certification 
type of simulation according to the vehicle’s maximum 
power and kerb weight to account for accessory load 
associated with the alternator and power-assisted steer¬ 
ing etc. 5 —this value can be adjusted when simulating 
real-world driving 

A powertrain control strategy is required primarily to 
determine the gear-shift events for vehicle-certification type 
of simulation, and a vehicle speed dependent strategy is 
used as the default—for example, the vehicle speeds for 
gear changing with a manual car can be found in the NEDC 
test procedure (EU Directive 70/220/EEC 2007). This 
control strategy can be adjusted when simulating real- 
world driving. 

A vehicle speed vs. time profile is then required for 
ADVISOR to simulate the vehicle’s fuel consumption over 
the prescribed test cycle. If an acceleration test is to be 
conducted, gear shift delay and vehicle speed gates need to 
be specified. 

ADVISOR requires both a hot and cold BSFC map to 
simulate the vehicle’s cold start performance. It then 
determines the cold fuel use as below 


Fuel co id = factor • fuelhot 


Factor = 1 + 


cold_map 

hot_map 



torque, speed 


f T hot - T \ 

Vhot ~ ^cold/ 


(1) 

Where T is the engine temperature calculated by ADVISOR 
at a given point in time during the drive cycle, and T hot and 
r co id are the temperatures at which the hot and cold BSFC 
maps were obtained. 

The main output of the model is volumetric fuel 
consumption (L/100 km); this together with the fuel 
properties will give the vehicle’s TtW C0 2 emission 


5 Typically, the accessory load required to drive the coolant and oil 
pump would have been accounted for in the engine model. 


(assuming negligible CO, unbumed hydrocarbons and soot 
in the exhaust 6 ). When an acceleration test has been run, 
the acceleration times between the specified speed gates 
will also be output. 

2.2.2 Model error and limitation 

Potential sources of uncertainty of the simplified engine 
model have been described in Section 2.1.2. Even if engine 
efficiency maps obtained via bench engine tests are used, 
they may have had large measurement uncertainties at near- 
idle and/or full load conditions, may not be sufficient to 
model braking or coasting accurately and may not have 
fully accounted for transient and/or warm-up effects. 

As described in Section 2.2.1, ADVISOR applies a linear 
algorithm to correct for cold start effects, while the oil 
temperature effect alone would not be linear (Schwaderlapp 
et al. 2000). It was considered beyond the scope of this paper 
to characterize the potential error in simulating cold start. 

While simulating a conventional vehicle with a manual 
transmission would be relatively straightforward in ADVI¬ 
SOR, accurately simulating the characteristics of an 
automatic transmission could be very difficult without 
understanding the details pertinent to the individual 
hardware (the operating characteristics of the torque 
coupling, transmission losses and warm-up characteristics 
etc.) and software (control strategies, e.g., upshift and 
downshift vs. engine transient operation, gear lock-up etc.). 
It was therefore considered beyond the scope of this paper 
to model vehicles with an automatic transmission; instead, a 
fuel eonsumption/C0 2 multiplier was derived based on 
samples from the Vehicle Certification Agency’s (VCA) 
database http://www.vcacarfueldata.org.uk/ when vehicles 
with an automatic transmission were to be used as part of 
the virtual fleet. 

It should also be noted that the simplified engine model 
developed in this work was based on empirical correlations 
applicable to engine designs equivalent to Euro IV 
technology. The definition of ‘Euro IV technology’ itself 
is somewhat ambiguous; indeed, a vehicle with an engine 
equivalent to Euro III technology could still meet Euro IV 
emissions legislation using a combination of measures, 
such as a different engine calibration, more advanced after 
treatment, more advanced vehicle components (transmis- 


6 The combustion efficiency of a typical PFI gasoline engine is 
between 90% and 95% (Heywood 1988), i.e., 5-10% of the total 
energy available in the fuel would escape the engine primarily in the 
form of CO, unbumed hydrocarbons (HC) and soot. These exhaust 
emissions also have carbon content which, if ignored, would distort 
the C0 2 calculation based on the fuel consumption and the fuel’s 
carbon weight fraction, although under normal conditions, the after- 
treatment system of a modem vehicle would typically convert the bulk 
of the exhaust emissions to C0 2 . 
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sion, tires, body, etc.), and control software. It was 
considered beyond the scope of this work to model vehicles 
from older generations; instead, a fuel consumption/C0 2 
multiplier was derived for each of the technology segment 
older than Euro IV, namely pre-Euro II, Euro II and Euro 
III, based on samples from the VC A database (http://www. 
vcacarfueldata.org.uk/) when vehicles with older technolo¬ 
gies were to be used as part of the virtual fleet. 

2.3 Fleet modeling 

The following historic data are required as inputs to the 
fleet model (broken down into fuels segments, vehicle 
technology segments, engine capacity segments, and C0 2 / 
tax band segments if available): 

• Demographics of the regional fleet population 

• Vehicle miles traveled and fuel consumption 

• Driving pattern of the regional driver population 

When a detailed breakdown of the database is not 
available, ensemble-averaged data can be used at the 
expense of fewer degrees of freedom and potentially larger 
error. 

A virtual fleet will then be established using the virtual 
vehicles modeled as described in Section 2.1 and 2.2. By 
retrospectively fitting the historic data with the virtual fleet, 
the following can be obtained: 

• A virtual fleet population that evolves according to the real 
world fleet demographics and represents the real world 
fleet in terms of energy consumption (e.g., MJ^/km), 
energy efficiency (e.g., MJ driving /MJ fuel ) and GHG 
emissions (e.g., g C0 2 eq/km) 

• Advances of automotive technologies to date 

• Changes in the fleet’s operating characteristics to date 

Eventually, the virtual fleet can be used to simulate the 
energy consumption, energy efficiency and GHG emissions 
of a given future fleet based on a particular scenario (e.g., 
alternative fuels, advanced engine technologies, advanced 
vehicle technologies, specific driving behavior, etc.). Two 
approaches can be taken for the fleet simulation: 

• Forward looking—projections of alternative fuels, 
vehicle fleet population, advances of automotive tech¬ 
nologies and driving behavior are used as boundary 
conditions to determine their impact, in terms of energy 
consumption, energy efficiency and GHG emissions 

• Backward looking—regional mandates of energy con¬ 
sumption, energy efficiency and/or GHG emissions are 
used as boundary conditions to determine what must be 
achieved in the future, in terms of alternative fuels, 
vehicle fleet population, advances of automotive tech¬ 
nologies, and/or driving behavior 


The virtual fleet and associated database can readily be 
expanded and upgraded. If the region of interest is 
sufficiently well defined (e.g., a megacity), regulated or 
even unregulated local emissions can also be considered in 
the model. 

Model calibration can be carried out on all levels using 
historic data. For example, the engine/vehicle models can 
be calibrated with experimental data and public domain 
information regarding technologies for each segment, and 
the fleet model can be calibrated with survey data from 
government agencies (such as the UK’s Department for 
Transport and VC A) and/or independent consultancies. 

Model validation can be carried out on all levels when 
new data become available in the future. As more and more 
advanced vehicle technologies such as the premixed 
compression ignition engine, hybrid/electric cars, aggres¬ 
sive weight and friction reduction, etc. are becoming 
commercially available, more and more experimental data 
will be generated both in the public domain and in-house. 
Additionally, vehicle telematics is expected to grow 
significantly in the foreseeable future (Automotive Engi¬ 
neering International Online 2008), which will help 
establish an upgradable database of real-world vehicle 
operating characteristics globally. 

2.4 Summarizing remarks 

Figure 2 summarizes major possible TtW methodologies, 
with the one proposed in this paper highlighted with thick 
solid lines; in comparison, the methodology adopted by the 
2008 JEC study is marked with thin solid lines. For each 
row in Fig. 2 from left to right, the levels of complexity and 
practical difficulties tend to increase. Researchers should 
choose the methodology that best suits their study needs 
and are likely to get different results with different 
methodologies; however, the authors believe the methodol¬ 
ogy proposed in this paper represents an optimum compro¬ 
mise between rigor, practicality and flexibility, particularly 
when the absolute aggregate fleet impact is of interest. 



Fig. 2 Schematic of TtW methodology 
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3 Case study 

This section presents results from a case study based on the 
passenger car sector in Great Britain. 

3.1 Vehicle simulation results 

The engine/vehicle model described in Section 2.1 and 2.2 was 
validated against 37 vehicles available on the UK market, 
which range from super-mini cars to premium saloons and 
sports utility vehicles, covering a variety of engine/vehicle 
technologies (gasoline/diesel, 5-, and 6-speed manual trans¬ 
mission with short and long gear ratios, four-wheel/all-wheel 
drive, PFI/DISI/lean-bum DISI, naturally aspirated and 
turbocharged, hybrid electric etc.). The majority of the vehicle 
specification data are available on the website Carfolio.com, 
with the rest obtained via auto-manufacturers’ catalogs, online 
search engines, or derived from similar vehicles. 

The ADVISOR results matched the measured data 
reasonably well, as shown in Fig. 3. The discrepancy in 
the NEDC combined cycle fuel consumption was within 
3%. The discrepancy in NEDC C0 2 emission was generally 
within 3% as well, with a few exceptions up to 5%. 
Although ADVISOR is not an ideal tool for simulating 

E 



Engine capacity (L) 



Engine capacity (L) 

Fig. 3 Comparison between measured data and ADVISOR results— 
NEDC combined fuel consumption (top) and NEDC C0 2 (bottom) 


highly transient events like 0-100 km/h acceleration, the 
error was generally within 1 s for gasoline vehicles, 
suggesting that the full power performance simulated by 
the simplified engine model was sufficiently accurate. No 
simulation of 0-100 km/h acceleration was performed for 
diesel vehicles due to lack of full load data. 

It should be noted that without emissions maps (CO, 
HC, and soot), ADVISOR could only calculate C0 2 
emission by assuming that all of the carbon in the fuel 
was released in the form of C0 2 , while the vehicle- 
certification figures for tax banding were probably mea¬ 
sured using emissions analyzers with unknown precision. 
Furthermore, properties of a single fuel were used in the 
simulation (Table 2), while the VC A database http://www. 
vcacarfueldata.org.uk/ would almost certainly have been 
established using fuels from many different batches. 

3.2 Real-world fleet data 

Real-world fleet and driving data from Great Britain’s 
passenger car fleet (i.e., private and taxi etc.) were extracted 
from the Transport Statistics Great Britain (TSGB) database 
between 2001 and 2007 (TSGB 2001-2007). The key 
parameters are listed below: 

• Annual total gasoline and diesel consumption by the 
passenger car segment, respectively 

• Average car occupancy 

• Average traffic speeds 

• Annual total vehicle mileage by the passenger car segment 

• The composition of the gasoline/diesel passenger car fleet 
by C0 2 emission band for each of the four technology 
segment (pre-Euro II, Euro II, Euro III, and Euro IV) 

• The composition of the gasoline/diesel passenger car 
fleet by engine capacity for each of the four technology 
segment (pre-Euro II, Euro II, Euro III, and Euro IV) 

• The average C0 2 emission of the entire passenger car fleet 

• The average engine capacity of the entire passenger car fleet 

3.3 Virtual-fleet results 
3.3.1 Fleet model validation 

To model the passenger car fleet in Great Britain based on 
data gathered as described in Section 3.2, the following 
assumptions were made: 

• Contributions from vehicles other than conventional 
gasoline and diesel cars were ignored, with their market 
share split between the gasoline and diesel segments 


As of 2007, conventional gasoline and diesel cars accounted for 
99.7% of the total passenger car fleet in Great Britain. 
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Table 2 

Fuel properties used 

in this work 


Fuel 

Density (g/L) 

LHV (J/g) 

C weight fraction 

Gasoline 

0.747 

42.938 

0.869 

Diesel 

0.835 

43.200 

0.860 


• Every passenger car traveled the same mileage annually 

• All cars registered for the first time before 1996 were 
pre-Euro II cars 

• All cars registered for the first time between 1996 and 
1999 were Euro II cars 

• All cars registered for the first time between 2000 and 
2004 were Euro III cars 

• All cars registered for the first time between 2005 and 
2007 were Euro IV cars 

• The fuel consumption penalty of a vehicle with an 
automatic transmission compared to that with a manual 
transmission (otherwise the same design) would decrease 
over time because of advances in vehicle technology 

• The ratio between the engine capacity of a vehicle with 
an automatic transmission and that of a vehicle with a 
manual transmission would decrease over time because 
of advances in vehicle technology and propagation of 
automatic transmission technology into smaller engine 
capacity segments 

A virtual fleet was constructed with the validated virtual 
vehicles to represent the real-world fleet. Given the 36 

o 

validated vehicles and the various multipliers (see overleaf 
for values used in this work), a total of 288 virtual vehicles 
were available, that is, (36 manual+36 automatic) x4 
technology segments=288. 

To fit the historic data with the virtual fleet, the 
following set of linear algebraic equations need to be 
solved simultaneously for each year: 


X 


Year 
1 x 288 


x M 


288 x 114 


F 


Year 
1 x 114 


( 2 ) 


Where:X |^ e x r 288 is the virtual vehicle composition vector, 
i.e., the unknowns of the equations/ 7 1]^ 1 114 is the fleet data 
vector (114=4 technology segments x 6 C0 2 segments x 2 
fuels+4 technology segments x 8 engine capacity seg¬ 
ments x 2 fuels +1 fleet average C0 2 +1 fleet average engine 
capacity)M | 288 x 114 is a matrix representing the character¬ 
istics of the virtual fleet—for example, its entry M | 812 is 1 
(true) because it refers to the eighth virtual vehicle (the 
Euro IV version of the gasoline Fiat Panda, engine capacity 
1.242, VCA NEDC C0 2 emission 156 g/km) and the 


Q 

The hybrid electric model, Toyota Priiis, was excluded, because even 
with the fast growth of hybrid vehicles seen in recent years, the 
percentage of hybrid vehicles in the whole passenger car fleet in 2007 
in Great Britain was still insignificant at only ~0.1%. 


twelfth entry of F |] re x r 114 (C0 2 emission band 151-165 
g/km for gasoline cars), while its entry M | 849 is 0 (false) 
because for the same virtual vehicle the 49th entry of 
F 1^114 calls for a pre-Euro II car with an engine capacity 
between 0 and 1 L. 

Equation 2 is essentially the key to the fleet model. To 
further illustrate its structure and how it would be solved, a 
simplified example is explained below, where a virtual fleet 
(X) of only three Euro IV gasoline vehicles are considered 
and the real-world fleet data vector (F) consist of only six 
entries. The engine capacity and VCA C0 2 emission of 
these three virtual vehicles are 1.242 L, 139 g/km; 1.798 L, 
184 g/km; and 2.495 L, 238 g/km, respectively. The six 
entries in F are, from left to right, %< 165 g/km, %> 165 
g/km, %<1.8 L, %>1.8 L, fleet-averaged engine capacity 
and fleet-averaged VCA C0 2 , respectively. Equation 2 
would then become: 


[*1 *2 * 3 ] X 


1 0 1 0 1.242 139 

0 1 1 0 1.798 184 

0 1 0 1 2.495 238 


= [0.5 0.5 0.8 0.2 1.75 169.5 



All the C0 2 columns in F, in this case the first two 
columns, should add up to 1 , and so should all the engine 
capacity columns. When an exact solution does not exist, 
the least squares method can be used. 

Note: If more detailed real-world fleet data were to 
become available, e.g., more C0 2 and engine capacity 
segments, the resulting virtual fleet would consist of more 
virtual vehicles and consequently be more representative of 
the real-world fleet. 

The various multipliers used in the fleet model were 
derived based on samples from the VCA database (http:// 
www.vcacarfueldata.org.uk/) —they were further optimized 
to account for the driving factor (see Fig. 4 and discussion 
below)—and are summarized in Table 3. 

The next step was to use the virtual fleet composition to 
calculate its fleet-averaged fuel consumption. Figure 4 
compares the fleet-averaged fuel consumption between the 
virtual fleet and the real-world fleet (TSGB). For example, 
the weighted-average gasoline consumption of the 2002 
virtual fleet was 8.07 L/100 km using the VCA figures 
(labeled ‘VCA weighted’), very close to the TSGB value of 
8.06 L/100 km. Similarly, the weighted-average diesel 
consumption of the 2002 virtual fleet was 6.75 L/100 km 
using the VCA figures, very close to the TSGB value of 
6.78 L/100 km. However, the difference between the TSGB 
and the VCA-weighted virtual fleet results, i.e., the driving 
factor not accounted for by NEDC type testing, was still 
noticeable and appeared to vary in time. 

Also shown for comparison in Fig. 4 is the sales- 
averaged fuel consumption (NEDC based) of newly 
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Fig. 4 Comparison between real-world fleet and virtual fleet—fleet- 
averaged fuel consumption of gasoline vehicles (top) and diesel 
vehicles (bottom) 


registered cars for each year, provided by the TSGB 
database. Note that the fuel economy of new diesel cars 
has improved less than that of new gasoline cars in recent 
years. 

The TSGB database also gave the average car occupancy 
and the average traffic speeds (England only), which could 
readily be implemented with the virtual fleet. The average 
car occupancy did not appear to change much over time, so 


Table 3 Multipliers used in the fleet model 


Multipliers 

NEDC C0 2 

(g/km) 

Engine capacity (L) 


Gasoline 

Diesel 

Gasoline 

Diesel 

Technology 

Euro III/Euro IV 

1.1446 

1.0905 

1.0369 

1.000 

Euro IEEuro III 

1.1032 

1.0821 

0.9307 

1.000 

Pre-Euro II/Euro II 

1.0938 

1.0849 

0.9892 

1.000 

Auto/manual 

Euro IV 

1.0328 

1.0328 

1.2057 


Euro III 

1.0748 

1.0519 

1.2576 


Euro II 

1.1621 

1.1575 

1.2972 


Pre-Euro II 

1.2184 

1.2154 

1.3459 



the mean value, 1.58, between 2002 and 2006 was used, 
which would be equivalent to loading the virtual vehicles 
by an additional 45 kg weight, assuming that the average 
weight of a passenger is 75 kg. 

The average speed of the NEDC test cycle is 20.65 mph, 
while the average peak and off-peak time traffic speeds in 
England between 1999 and 2006 were 21.45 and 
25.35 mph, respectively (the year-by-year variation was 
small, varying between 20.9 and 22.1 mph for peak time 
traffic and between 24.1 and 26.3 mph for off-peak time 
traffic). Therefore the real-world average traffic speed 9 
would be higher than that of the NEDC cycle. Increasing 
the percentage of high-speed driving (e.g., motorway 
driving) in the drive cycle was expected to improve the 
overall fuel economy. A new drive cycle was investigated 
using ADVISOR, which consisted of 6 ECE (low-speed 
sub-cycle)+2 EUDC (high-speed sub-cycle), as opposed to 
4 ECE+1 EUDC in the standard NEDC cycle—the new 
cycle not only had a higher average speed of 22.49 mph, 
but also featured slightly less cold start and idling. 
Although the selection of this new cycle was somewhat 
arbitrary, the intention was to demonstrate the flexibility of 
the proposed methodology and toolset. 

Using the ADVISOR results (labeled ‘ADVISOR’ in 
Fig. 4, with 45 kg added to the actual kerb weight of each 
virtual vehicle and the new drive cycle) instead of the VC A 
figures, the average gasoline consumption of the virtual 
fleet matched the TSGB data very well, within 3%, while 
the average diesel consumption of the virtual fleet matched 
the real-world values reasonably well, within 6%. 

Possible explanations for the year-to-year variation in the 
match and the larger error with the virtual diesel fleet could 
include: 

• The volumetric calorific value of the fuel (MJ/L= 
density xLHV) would have some influence on the 
volumetric fuel consumption and might vary from 
year-to-year (properties of a single fuel were used in 
the model). 

• The aging of the fleet and consequently the deteriora¬ 
tion of fuel economy; however, regular maintenance 
and services would tend to minimize such deterioration. 

• The annual mileage per diesel car might be different 
from that per gasoline car, with the difference varying 
from year-to-year; the ratio of the two for a given year 
might be affected by factors such as the ratio between 
diesel and gasoline fuel prices in that year, or the 
percentage of company cars/taxis which tend to be 
diesel cars and travel long distance. 


9 The real-world average traffic speed would be a value between the 
peak and off-peak figures but not available, as the number of vehicles 
and kilometers traveled during peak and off-peak time were unknown. 
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• The fleet-averaged operating characteristics of diesel 
cars might be different from those of gasoline cars, with 
the difference varying from year-to-year. For example, 
the NEDC cycle might be more representative of real- 
world gasoline car operation than diesel car operation, 
or diesel car drivers might tend to shift gears at lower 
vehicle speeds etc. 

If data were available to resolve some or all of the above 
issues, the accuracy of the fleet model could be further 
improved. For instance, assuming linear decrease in the 
ratio between the annual mileage per diesel car and that per 
gasoline car, from 1.03 to 0.96, causes both the average 
gasoline and diesel consumption of the virtual fleet to 
match the real-world results to within 3%. 

One interesting observation from Fig. 4 is that, even 
without the additional 45 kg vehicle loading and the 
modified drive cycle, the average fuel consumption of the 
virtual fleet based on the VC A data matched the TSGB data 
reasonably well, within 3% and 10% for the gasoline and 
diesel fleet, respectively, suggesting that the VCA (i.e., 
NEDC) results are reasonably representative of real-world 
driving. 


4 Discussion 

So far, it has been demonstrated that a virtual fleet can be 
established with individually validated virtual vehicles 
based on reasonably accurate engine/vehicle simulation. 

At this point, it is worth comparing results from the new 
TtW methodology with those from previous studies. 
Figure 5 compare results from the TSGB real-world fleet 
(labeled “TSGB” in Fig. 4) and the 2008 JEC study (one 
gasoline car and one diesel car chosen to represent typical 
European passenger cars), with all figures normalized to the 
JEC 2002 TtW gasoline results (2.235 MJ/km and 166.2 g 
C0 2 /km, respectively). It should be noted that the scope of 
the JEC study did not cover the whole European fleet, nor 
did it make assumptions about the availability or market 
share of the vehicle technology options. 

It can be seen that: 

• the JEC figures are significantly lower than the TSGB 
real-world results, mainly because 

• the actual TSGB fleet consists of not only vehicles 
similar to the ones chosen by the JEC but also vehicles 
of different sizes and technology generations and 


3.3.2 Projection 

Figure 4 also shows some projection results (labeled 
“Projection”) obtained by using the virtual fleet and 
extrapolating its composition prior to the year to be 
projected. The error of the projection for 2006 and 2007, 
compared to the “ADVISOR” results, was well within 1%. 

3.3.3 Scenario analysis 

To further demonstrate the potential of the new TtW 
methodology and the toolset established so far, several 
scenarios, regarding driving pattern, lubrication and fuel, 
were analyzed using the virtual fleet described in Sec¬ 
tion 3.3.1. Detailed analysis and results can be found in the 
Electronic Supplementary Material. 

The proposed methodology and toolset allow the 
researchers to carry out such scenario analyses flexibly 
and cost effectively, revealing not only the sensitivity of the 
aggregate fleet results to various efficiency improvement 
measures but also the vehicle-to-vehicle variation which 
would have been overlooked by single vehicle-based 
methodologies. 

The vehicle-to-vehicle variation was found to be 
significant in some scenarios, indicating that a fleet-based 
methodology would be more rigorous and flexible. For 
example, the fuel economy benefit from using an optimized 
gear-shifting schedule can be twice as much for some cars 
as that for others. 



2002 


2007 


2010 



2002 


2007 


2010 


Fig. 5 Comparison between TtW results from the TSGB real-world 
fleet and the JEC study—normalized fuel consumption (top) and 
normalized C0 2 emission (bottom). Note: (1) The 2008 JEC study 
looked at two timeframes, 2002 and 2010. The 2007 results presented 
here were derived from linear interpolation between 2002 and 2010 
results; for the 2007 and 2010 diesel results, the average between the 
with- and without-DPF results was used. (2) TSGB 2010 results were 
derived from polynomial extrapolation from 2001 to 2007 results 
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• the real-world fleet results were from day-to-day driving 
as opposed to the laboratory-only results used in the 
JEC study; 

• the ratio between the TSGB real-world results and the 
JEC figures has increased from -1.15 in 2002 to -1.20 
in 2010 for gasoline, while it has decreased from -1.33 
in 2002 to -1.15 in 2010 for diesel; in other words, the 
change in fuel economy between 2002 and 2010 
assumed in the JEC study is unlikely to be realized in 
practice from the fleet perspective. 

• the ratio of diesel over gasoline has decreased from 
-0.94 in 2002 to -0.82 in 2010 for the TSGB real- 
world fleet, while it has increased from -0.81 in 2002 to 
-0.86 for the JEC virtual vehicles. In other words, the 
JEC study overestimated the fuel consumption benefit 
of diesel over gasoline in 2002 vehicles but there is 
better agreement for 2010 vehicles. 

It is apparent that using a single virtual vehicle to 
represent the whole fleet could be misleading when the 
absolute aggregate fleet impact is of interest; in particular, 
the relative energy efficiency and C0 2 emissions of diesel 
over gasoline cars appears to follow a different trend with 
time for the real-world fleet from that assumed in the JEC 
study. 

Note: it is beyond the scope of this work to include 
contributions from other GHGs, so the TtW C0 2 figures 
quoted in this paper were in g C0 2 /km, not g C0 2 eq/km. 

5 Conclusions 

The following conclusions can be drawn from this work: 

• A new methodology, which combines micro-scale 
virtual vehicle simulation with macro-scale fleet mod¬ 
eling, can provide realistic TtW energy consumption, 
energy efficiency, and GHG emissions for vehicle 
fleets. 

• This new methodology accurately predicts the TtW fleet 
average fuel consumtion, and hence the C0 2 emissions 
of the passenger car sector in Great Britain. 

• The validated fleet model can be used to assess vehicle 
use and performance scenarios: its applicability has 
been demonstrated for scenarios involving changes in 
driving pattern, lubrication, and fuel performance. 

• Vehicle-to-vehicle variation is significant in some 
scenarios, indicating that a fleet-based methodology 
can be more rigorous and flexible than the traditional 
approach of single vehicle-based TtW analysis. 

• Energy consumption and C0 2 emissions from the 2008 
JEC WtW study are significantly lower than the TSGB 
real-world results. Using a single virtual vehicle to 
represent the whole fleet (as in the JEC study) can be 


misleading; for example, the relative energy efficiency 
and C0 2 emission of diesel over gasoline cars follows a 
different trend for the real-world fleet from that in the 
JEC study. 


6 Recommendations and perspectives 

The virtual engine/vehicle/fleet model developed in this 
work can readily be expanded and upgraded in the future, 
in terms of model details, coverage and data quality. The 
methodology itself is generically applicable to any defined 
fleet (passenger cars, commercial vehicles, etc.) with any 
operating characteristics at any given timeframe from any 
geographic region. The implications of various scenarios 
for fleet energy consumption and GHG emissions could be 
studied including, but not restricted to, the following: 

• Fuels—injector/valve cleanliness, anti-knock properties, 
dieselization, bio-components, gaseous fuels, etc. 

• Engine/vehicle technology—friction and weight reduc¬ 
tion, advanced combustion, hybridization, etc. 

• Driving pattern—vehicle loading, gear shifting sched¬ 
ule, tire maintenance, cold start, etc. 

This paper covers the proof of concept for this approach. 
It could be further extended and the following steps are 
suggested for further development of the approach: 

• Establish a similar engine/vehicle/fleet modeling toolset 
based on the commercial vehicle sector 

• Model a more diverse virtual fleet including gaseous 
fuel-powered and electrified drive trains 

• Expand the engine/vehicle/fleet model for more accurate 
GHG emissions accounting, particularly N 2 0 and CH 4 

• Apply the new TtW methodology to other geographic 
areas. The passenger car sectors of USA and China are 
particularly suited because the majority of cars in these 
markets are still PFI gasoline vehicles 

• Better understand the propagation of error under this 
methodology and incorporate stochastic methods such 
as Monte Carlo simulation 
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